Abstract-Multiangle remote sensing provides a wealth of information for Earth and climate monitoring, such as the ability to measure the height of cloud tops through stereoscopic imaging. As technology advances so do the options for developing spacecraft instrumentation with sufficient versatility to meet the demands associated with multiangle measurements. One such instrument is the Infrared Spectral Imaging Radiometer, which flew as part of Mission STS-85 of the space shuttle Columbia in 1997 and was the first earth-observing radiometer to incorporate an uncooled microbolometer array detector as its image sensor. Specifically, a method for computing cloud-top height with a precision of 620 m from the multispectral stereo measurements acquired during this flight has been developed, and the results are compared with coincident direct laser ranging measurements from the Shuttle Laser Altimeter. Mission STS-85 was the first space flight to combine laser ranging and thermal IR camera systems for cloud remote sensing.
INTRODUCTION
Clouds play a vital role in establishing the energy budget of the Earth by reflecting incoming sunlight and absorbing outgoing thermal radiation. As such their presence acts to both cool and warm the atmosphere, respectively. While these effects are readily understood qualitatively they are difficult to model quantitatively. The reason is that the interaction of clouds with radiation is complex and depends not only upon bulk cloud properties such as thickness and height but also upon microphysical ones such as droplet size and phase (water vs. ice) that lead to the albedo and optical depth. Consequently, the representation of clouds in current global atmospheric models is understandably insufficient, a situation that was been recognized for many decades. The practical effect of this shortcoming is that current predictions of possible global climate change derived from these models are uncertain to the extent that it is unclear whether the response of the atmosphere to anthropogenic forcing is to warm or to cool.
A focused effort to experimentally parameterize clouds on a global basis would be beneficial. Considerable parameterization of clouds can be achieved though the use of infrared remote sensing. As an example, an estimate of cloud phase and droplet size can be gleaned by combining radiometric measurements in different spectral channels within the 8-12 um region. There are several infrared radiometers currently in orbit that provide data suitable for this retrieval analysis. However, this technique requires an independent estimate of the cloud height, which is often derived from measurements of atmospheric temperature that are unavailable on a global basis. Consequently, this remote sensing retrieval is best suited to isolated locations where atmospheric measurements are available. Global analysis is necessarily somewhat circuitous when using current satellite measurements since an appeal must be made to model predictions for estimates of atmospheric temperature.
Apart from being a necessary component of many atmospheric retrievals cloud height is potentially a sensitive feedback mechanism to global change. Hence, by measuring cloud height globally a baseline can be established by which future climate change can be gauged. One approach to independently measuring cloud height is through multi-angle stereo observations. The current network of geosynchronous weather satellites can contribute limited multiangle observations but with considerable effort as they are not designed to operate in a manner that easily accommodates the requisite synchronization. Recent instruments placed in low earth orbit such as the Along Track Scanning Radiometer (ATSR) and the Multiangle Imaging Spectral Radiometer (MISR) have been developed specifically for multiangle measurements. The ATSR instrument is a European spin-scan radiometer that operates at shortwave and thermal infrared wavelengths. [1] The MISR payload includes nine pushbroom radiometers operating at visible wavelengths. [2] There are shortcomings associated with the data of both these satellites. In particular, the ATSR is limited to two look angles, includes the complexity of registering spin-scan data and is not conducive to small satellites. The MISR instrument uses CCD focal plane arrays as their image detectors and while these make for a compact instrument imagery can be obtained only during the sunlit portion of the orbit. Thus these data show a strong diurnal bias. Ideally, a combination of these two technologies could result in the development of a compact radiometer that operates in the thermal infrared. With the advent of uncooled thermal imaging focal plane detectors this is now possible.
The current document proposes the development of a multi-angle thermal imaging radiometer utilizing this technology for the purpose of establishing a global baseline cloud height measurement.
II. ENABLING TECHNOLOGY
In developing satellite payloads for infrared Earth remote sensing the importance of eliminating aggressive cooling of the detector cannot be overstated. Not only does such cooling typically consume large amounts of electrical power, which is a precious commodity aboard a spacecraft, it also adds considerable size, complexity and risk to the satellite development thereby increasing the associated cost. With the advent of uncooled IR detector technology, however, new and exciting opportunities emerge for developing compact and lowcost infrared imaging radiometers that can meet the challenges of Earth remote sensing.
Recognizing the revolutionary nature of uncooled detectors the Infrared Spectral Imaging Radiometer (ISIR) program was initiated at the NASA Goddard Space Flight Center as a first step in advancing this technology for space flight. The ISIR instrument was developed as a shuttle Hitchhiker experiment that flew aboard mission STS-85 in 1997. It is a multi-spectral pushbroom imaging radiometer that includes four spectral channels between 7 and 12 um typical of cloud remote sensing applications. The spatial resolution of the acquired imagery is approximately 250 m with a cross track swath of 90 km. The ISIR instrument is shown in Figure 1. A sample of the cloud imagery acquired during mission STS-85 is shown in Figure 2 . The remarkably detailed thermal imagery acquired by the ISIR instrument was achieved using an early, pre-production prototype microbolometer detector array. Uncooled infrared detector technology has advanced remarkably since these early measurements yet ISIR remains unique in that it is the only Earth imaging radiometer thus far to employ an uncooled infrared detector as its image sensor. Indeed, modern large-format infrared focal plane arrays based on this technology have improved to the point where they can now serve as the basis of a new generation of compact remote sensing payloads able to provide high-quality science data while reducing overall mission cost.
III. MEASUREMENTS
In developing new imaging systems for Earth observations, the scientific objectives and performance requirements are generally well established by that of previous instruments developed with similar objectives. For applications utilizing the 10 um spectral region the driving requirement is usually the thermal resolution, which is most typically stated as NEDT of 100 mK or better for a 1 um passband. Historically, achieving this requirement has required implementing aggressive cooling of the image sensor as single-element detectors were used. Presently this requirement can be met with uncooled focal plane arrays utilizing frame-averaging techniques such as Time Delay and Integration.
The extended format, uncooled microbolometer detector arrays find a natural application in multi-angle measurements. When imaging an extended region multiple times from an orbiting platform one necessarily views the same scene from slightly different perspectives. An example of the utility of this can be seen in the data collected as part of the shuttle Hitchhiker ISIR program. The ISIR instrument included a filter wheel for spectral selection and imagery in the different spectral channels was acquired sequentially. The time required to cycle the four filters was 6.67 seconds, which resulted in sizeable orbital motion at space velocities. Shown in Figure 3 is an example of the cloud heights that can be retrieved from these data using stereoscopic inversion. The select example is of a scene that shows clouds at three separate layers including a contrail at around 8 km, low-level cumulus clouds near 2 km and mid-level cloud system near 6 km. During mission STS-85 the shuttle Columbia became the first space-based platform to combine laser ranging and thermal IR cloud remote-sensing payloads. The resulting combined data set is thus unique in satellite meteorology providing an unprecedented opportunity to validate the stereo results through a comparison with direct detection measurements. Prior to launch the ISIR instrument was aligned to the Shuttle Laser Altimeter so that a direct comparison of the two measurement techniques could be made. The SLA was designed for surface altimetry and was not optimized for cloud detection or profiling. Still, the data that were collected routinely contain height information on cloud tops that provide meaningful comparisons with the ISIR stero results.
A quantitative comparison between the ISIR stereo and SLA direct detection results can be achieved by restricting the retrieved stereo cloud heights to only those that share a common field of view. Such a comparison is shown in Figure 4 for an optically thick cloud scene that results in a strong lidar return signal and which spans a wide range of altitudes. As expected the stereo results show a much higher degree of scatter than do the direct detection lidar measurements. However, the two instruments are clearly measuring the same cloud region and obtaining results that agree favorably.
IV. MULTICAMERA INSTRUMENT CONCEPT
The ISIR program was designed to generally address the potential of the microbolometer detector array as a space sensor and not specifically to develop a cloud stereo imaging system, even though the current work presents evidence that it works well for this purpose. In developing an operational stereo imaging system based upon the single-camera ISIR design an obvious modification would be to add additional cameras pointing both fore and aft. Shown in Figure 5 is a concept drawing of one way in which this could be done. In this case four cameras have been included with the viewing angle of each being controlled by a rotating mirror. Hence, a total of three cameras could point fore, aft and nadir leaving a fourth for a visible camera. Since a rotating mirror controls the look directions they could be modified during flight for different measurement configurations.
Critical to the success of infrared remote sensing is the radiometric calibration of the imagery. In the instrument shown in Figure 5 each camera has its own calibration source. The temperatures of these sources need be only roughly controlled with the main requirement being one of knowledge to within 0.1C. Additionally, looks to space would provide for the two-point calibration. The design of Figure 5 uses the same optical surfaces regardless of whether the instrument is viewing the Earth, calibration source or space; a requirement critical to accurate calibration.
The instrument of Figure 5 takes full advantage of developments in microblometer technology and, in particular, its miniaturization. The detector device flown as part of ISIR had an extended format of 320x240 pixels. BAE Systems is not on its third generation of detector and currently offers a 640x480 focal plane array offering 30-50mK NEDT at 60 frames per second and F/1 optics. Hence, the vertical resolution achieved with ISIR can be retained when moving to LEO near 600 km. past 30 years, is an infrared imaging radiometer. As such, it is appropriate to develop new generations of this instrument that are consistent with the goals of smaller missions and that provide the advantages offered by new technologies. In addition to replacements for existing operational systems uncooled focal plane detectors can also usher in new science measurements. Multi-angle remote sensing provides several opportunities for advancing current understanding of geophysical and biophysical parameters. Examples of recent instruments developed specifically for this purpose and placed low earth orbit are ATSR and MISR. As the scientific issues that require multi-angle observations are both rich and diverse additional instrumentation will be required in the future and it is the designs of these instruments that can benefit from the continued advancement of technology offering the potential of greater versatility contained within a design that is more compact and robust.
The measurements presented herein provide a good pilot experiment for future satellite meteorology missions that combine infrared stereo imagery and direct-detection lidar.
Combined measurements of this sort would benefit from a lidar system that is able to provide a cloud profile rather than merely range altitude. Such a system would provide information about the thickness of a cloud system and the presence of multiple cloud layers; characteristics important to accurately model cloud microphysical properties. Coupling an infrared stereo imaging instrument such as ISIR with such a lidar mission would provide a unique opportunity to extend the spatial coverage beyond that sampled directly by the lidar and to improve the accuracy and understanding of the passive observations.
